Microcavity lasers have many potential applications because of their low threshold currents and suitability for highdensity integration. Certain microcavities, such as microcylinders, support high-Q whispering gallery ͑WG͒ modes, but the output power of lasers based on such geometries is negligible. The power and directionality of microcylinder quantum cascade lasers can be improved by orders of magnitude by deforming the cavities to support "bow-tie modes."
1 Spiral-shaped cavities with "notch" discontinuities ͓see Fig. 1͔ have also been examined as a means of achieving high-power directional emission from optically pumped polymer lasers 2 and electrically pumped InGaN multiple-quantum-well 3 lasers. Light in WG-like modes is outcoupled in these structures by diffraction at the spiral notch. 4 In this work, we have processed and characterized midinfrared quantum cascade lasers ͑QCLs͒ with spiral microcavities. These devices exhibit high-power emission and a strong tendency toward single-mode operation over a wide range of injection currents.
The active region of our QCLs consists of 30 stages of a "three-quantum-well" active region design 5 with target wavelength of 8 m, grown by metal organic vapor phase epitaxy. 6 The waveguide layers are similar to those in Ref. 6 .
Emission in the midinfrared permits a smaller ratio of cavity size to mode wavelength and a concomitant reduction of scattering due to surface roughness compared to previously reported spiral-shaped lasers emitting at visible wavelengths.
The top profile of our spiral microlasers was defined by the expression r͑͒ = r 0 + ⌬r /2 ͓see Room temperature ͑RT͒ lasing in pulsed mode was achieved for all spiral sizes and deformations. Power measurements were performed using a polished metal tube to channel the radiation emitted by the device onto a calibrated thermopile detector. From far-field measurements ͑discussed below͒, we estimate the optical power collection efficiency of this method to be ϳ50%. The slope efficiency of the device in Fig. 2͑a͒ was approximately 40 mW/ A, not corrected for collection efficiency. This is three to four times smaller than the 120-180 mW/ A per facet reported in Refs. 5 and 6 for ridge waveguide lasers processed from a similar material. The spiral device of Fig. 2͑a͒ exhibited a threshold current density of 3 kA/ cm 2 . For a device of the same radius with a smaller notch of ⌬r =7 m, a RT threshold current density of 2.25 kA/ cm 2 was observed. This is lower than the value of 2.75 kA/ cm 2 reported in Ref. 6 for ridge waveguide lasers processed from a similar material.
Continuous wave ͑cw͒ operation was demonstrated at temperatures up to 125 K. At this temperature, the bond wires were destroyed by Ohmic heating, indicating that higher temperature operation may be possible with thicker wires. At 77 K, devices with r 0 =80 m and ⌬r =10 m had a threshold current density of approximately 850 A / cm 2 . A device with the same radius and a smaller notch ͑⌬r =7 m͒ exhibited a lower threshold of 650 A / cm 2 . The voltage and optical power versus current for this device operated cw at 77 K are shown in Fig. 2͑b͒ . Optical power was collected using two ZnSe lenses: one to collect light from the device and another to refocus it onto the detector. We estimate a collection efficiency of approximately 7% for this method.
In both pulsed operation at RT and cw operation at 77 K, the threshold current density for devices with r 0 =50 m and ⌬r =10 m was approximately a factor of 2 larger than that for devices with r 0 =80 m and ⌬r =10 m. For devices with r 0 = 110 m and ⌬r =10 m, it was measured to be approximately 40% smaller than that for devices with r 0 =80 m and ⌬r =10 m. In general, devices with smaller deformation ratio ⌬r / r 0 had lower threshold current densities.
Emission spectra for the various devices were collected with a Fourier transform infrared spectrometer equipped with a liquid nitrogen-cooled mercury cadmium telluride ͑MCT͒ detector. To gain insight into the resonances supported by the spiral-shaped cavities, the lasers were driven slightly below threshold in cw at 77 K, and amplified spontaneous emission ͑ASE͒ spectra were measured ͓see Fig. 2͑c͔͒ . The ASE spectrum in Fig. 2͑c͒ for a device with r 0 = 110 m and ⌬r =10 m reveals two interspersed sets of peaks, with each set exhibiting mode spacing of approximately 4.5 cm −1 , the expected spacing between WG modes in a circular device of the same radius. The two sets of peaks, distinguished by their relative magnitudes, likely result from the degeneracy between clockwise-and counterclockwise-propagating WGlike modes being removed by the spiral notch. ASE spectra with mode spacing strongly indicative of WG-like modes were also obtained for devices with r 0 =80 m and 50 m.
Despite the close spacing of the cavity modes relative to the gain bandwidth ͑full width at half maximum Ͼ100 cm −1 ͒, laser emission in both cw and pulsed operation is typically strongly single mode, with a side-mode suppression ratio ͑SMSR͒ near 30 dB, even at currents significantly above threshold ͓see Fig. 2͑d͔͒ . In single-mode operation, lasing occurs on one of the cavity modes found in the ASE spectrum ͓see Figs. 2͑c͒ and 2͑d͔͒ . For the device shown in Fig. 2͑d͒ , cw emission at 77 K is single mode from the threshold current of 430 up to 530 mA. The laser operated without mode hopping across this range of injection currents, with a wavelength tuning coefficient of −1.75 cm −1 /A ͓see the inset to Fig. 2͑d͔͒ . Similar behavior is observed in pulsed operation; spectra from a representative device at 77 K reveal single-mode emission with nearly 30 dB SMSR over a range of injection currents from 145 mA ͑threshold͒ to more than 350 mA ͓see Fig. 3͑a͒ and 3͑b͔͒ At RT, single-mode operation was demonstrated at currents up to 40% above threshold ͓see Fig.3͑c͔͒ . To compare this behavior with conventional ridge waveguide lasers with similar cavity mode spacing, we collected emission spectra from 370-m-long ridge lasers processed from the same QCL material. In both pulsed mode and cw operation, the ridge lasers were multimode even slightly ͑Ͻ10% ͒ above threshold, exhibiting Fabry-Perot mode spacing of 4.2 cm −1 that corresponded to their cavity lengths.
We attribute the tendency to single-mode lasing of our spiral lasers to a reduction in spatial hole burning ͑SHB͒. In ridge waveguide QCLs, the standing Fabry-Perot waves result in SHB which causes multimode lasing. 7 The standing wave, formed by a cavity mode, imprints a grating in the gain medium through gain saturation; as a result, other modes become more favorable for lasing, and multimode operation is triggered. This process is favored in QCLs by the short gain recovery time compared to the gain grating diffusion time.
In devices with WG resonances, however, SHB is suppressed because the laser modes are traveling waves. We note that single-mode emission has previously been reported for a number of WG microdisk QCLs, 8, 9 supporting this explanation. The spiral resonator appears to preserve WG-like modes while increasing output coupling.
The chaotic dynamics of the spiral resonator may further contribute to suppressing SHB as spiral devices with the largest deformation parameter ⌬r / r 0 tend to show singlemode performance over the widest range of injection currents. Other chaotic effects, such as dynamical localization 10 and quasi scarred resonances, 11 could also play an important role in determining mode structure and mode selection.
The radial far-field profiles of several devices were also examined ͓see Fig. 4͔ . A single device was cleaved and soldered to a copper pedestal atop a rotating stage, providing unobstructed optical access. A MCT detector with a sensor size of 250 by 250 m was placed 2 cm from the device in the plane of the spiral, and the signal was recorded as a function of 2°increments of rotation. The profile in Fig. 4 reveals several sharply defined lobes. The locations of peaks were generally independent of pump current above threshold.
The far-field profiles of our spiral QCLs are markedly different than those of Ref. 3 for InGaN lasers, where directional emission into an approximately 60°angle was observed. We believe the dissimilarity results partly from the larger ratio of emission wavelength to spiral radius in our devices. Additionally, the higher refractive index of our material system creates differing conditions for refraction and diffractive escape.
Devices were processed in the Center for Nanoscale Systems ͑CNS͒ at Harvard University. Harvard-CNS is a member of the National Science Foundation, National Nanotechnology Infrastructure Network.
